Using whole-cell patch-clamp recording and intracellular Ca 2ϩ imaging of rat cultured DRG neurons, we studied the cross talk between GABA A and P2X receptors. A rapidly fading current was the main response to ATP, whereas GABA elicited slowly desensitizing inward currents. Coapplication of these agonists produced a total current much smaller than the linear summation of individual responses (68 Ϯ 5% with 10 M ATP plus 100 M GABA). Occlusion was observed regardless of ATP response type. Neurons without functional P2X receptors manifested no effect of ATP on GABA currents (and vice versa). Occlusion was also absent in the presence of the P2X blocker trinitrophenyl-ATP (TNP-ATP) or of the GABA blocker picrotoxin, indicating a lack of involvement by metabotropic ATP or GABA receptors. Less occlusion was obtained when ATP was applied 2 sec after GABA than when GABA was applied after ATP. Changing the polarity of GABA currents by using intracellular SO 4 2Ϫ instead of Cl Ϫ significantly reduced the occlusion of ATP currents by GABA, suggesting an important role for Cl Ϫ efflux in this phenomenon. Occlusion was enhanced whenever intracellular Ca 2ϩ ([Ca 2ϩ ] i ) was not buffered, indicating the cross talk-facilitating role of this divalent cation. Ca 2ϩ imaging showed that ATP (but not GABA) increased [Ca 2ϩ ] i in voltageclamped or intact neurons. Our data demonstrated a novel Cl Ϫ and Ca 2ϩ -dependent interaction between cationic P2X and anionic GABA A receptors of DRG neurons. Such negative cross talk might represent a model for a new mechanism to inhibit afferent excitation to the spinal cord as GABA and ATP are coreleased within the dorsal horn.
Using whole-cell patch-clamp recording and intracellular Ca 2ϩ imaging of rat cultured DRG neurons, we studied the cross talk between GABA A and P2X receptors. A rapidly fading current was the main response to ATP, whereas GABA elicited slowly desensitizing inward currents. Coapplication of these agonists produced a total current much smaller than the linear summation of individual responses (68 Ϯ 5% with 10 M ATP plus 100 M GABA). Occlusion was observed regardless of ATP response type. Neurons without functional P2X receptors manifested no effect of ATP on GABA currents (and vice versa) . Occlusion was also absent in the presence of the P2X blocker trinitrophenyl-ATP (TNP-ATP) or of the GABA blocker picrotoxin, indicating a lack of involvement by metabotropic ATP or GABA receptors. Less occlusion was obtained when ATP was applied 2 sec after GABA than when GABA was applied after ATP. Changing the polarity of GABA currents by using intracellular SO 4 2Ϫ instead of Cl Ϫ significantly reduced the occlusion of ATP currents by GABA, suggesting an important role for Cl Ϫ efflux in this phenomenon. Occlusion was enhanced whenever intracellular Ca 2ϩ ([Ca 2ϩ ] i ) was not buffered, indicating the cross talk-facilitating role of this divalent cation. Ca 2ϩ imaging showed that ATP (but not GABA) increased [Ca 2ϩ ] i in voltageclamped or intact neurons. Our data demonstrated a novel Cl Ϫ and Ca 2ϩ -dependent interaction between cationic P2X and anionic GABA A receptors of DRG neurons. Such negative cross talk might represent a model for a new mechanism to inhibit afferent excitation to the spinal cord as GABA and ATP are coreleased within the dorsal horn.
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Although the activation of neurotransmitter receptors by their own transmitter has been thought to be a discrete, independent process, this phenomenon recently has been shown to be modulated by distinct receptors when they are activated simultaneously by their own transmitter. This mechanism, generally termed cross talk, provides a fast and efficient way to adapt transmitter signaling to changing functional needs. Cross talk between ATP P2X receptors and acetylcholine (ACh) nicotinic receptors is manifested as occlusion whereby the single-cell response to the combined application of the two agonists is much less than the sum of the two individual responses (Nakazawa, 1994; Barajas-Lopez et al., 1998; Searl et al., 1998; Zhou and Galligan, 1998; Khakh et al., 2000) . ATP/ACh cross talk is interesting because ATP can be co-released with ACh from the same cholinergic terminals (Silinsky and Redman, 1996) . The molecular mechanisms responsible for such interactions are unknown. More recent studies have demonstrated that receptor cross talk between dopamine and adenosine receptors (Gines et al., 2000) or GABA A and dopamine receptors involves direct protein-protein intramembrane interaction.
In the spinal cord ATP is coreleased together with GABA (Jo and Schlichter, 1999; Hugel and Schlichter, 2000) . The ionotropic receptors activated by ATP (P2X receptors) or by GABA (GABA A receptors) have distinct structures (Nicke et al., 1998; Torres et al., 1999) and gate either nonselective cationic channels permeable to Na ϩ , K ϩ , and Ca 2ϩ (P2X receptors) or anionic Cl Ϫ -permeable channels (GABA A receptors). Although GABA is believed to be the main transmitter for presynaptic inhibition in the spinal cord (Sivilotti and Nistri, 1991; Kaila, 1994) , ATP induces glutamate release Li et al., 1998) via the activation of ionotropic P2X receptors of spinal neurons (Bardoni et al., 1997; Jo and Schlichter, 1999) and thus would contrast the inhibitory action of GABA.
Several subtypes of ATP receptors have been found in sensory dorsal root ganglion (DRG) cells Collo et al., 1996; Vulchanova et al., 1998) , which express at least three subunits (P2X 1 , P2X 2 , P2X 3 ) assembled into the corresponding homomeric receptors or in the heteromeric P2X 2/3 receptors (Lewis et al., 1995; Burgard et al., 1999; Grubb and Evans, 1999) . In DRG neurons of small and medium size ATP evokes kinetically distinct membrane currents depending on the activated receptor type (Burgard et al., 1999; Grubb and Evans, 1999; Labrakakis et al., 2000) . GABA receptors found on DRG neurons mainly belong to the ionotropic GABA A and metabotropic GABA B subclasses (Sivilotti and Nistri, 1991) .
Despite strong evidence suggesting a functional role for ATP and GABA in spinal neurotransmission, there is no demonstration that they can cross talk at membrane level. Because cultured DRG cells that project primary afferents to the spinal cord are useful models to study the neuronal action of ATP or GABA, the major aim of the present study was investigating any functional interaction between ATP-activated ionotropic P2X receptors and ionotropic GABA A receptors on DRG neurons. We report for the first time negative cross talk between cationic (P2X) and anionic (GABA A ) ionotropic receptors.
MATERIALS AND METHODS
Cell preparation. Rat DRG neurons were cultured according to the method of Hu and Li (1997) with modifications. Ether-anesthetized rats (2-3 weeks old) of both sexes were decapitated, a procedure (including animal handling and care) in accordance with the Animal Welfare Act and approved by the L ocal Authority Veterinary Service. The thoracic and lumbar ganglia were excised and placed into DM EM containing penicillin and streptomycin. After removing roots and surrounding connective tissue, we minced and incubated the DRGs with trypsin (0.5 mg /ml), collagenase (1.0 mg /ml), and DNase (0.1 mg /ml) in 5 ml of DM EM at 35°C in a shaking bath for 35-40 min. After enzymatic treatment the cells were drawn gently up and down a 2 ml plastic pipette. Enzymatic digestion was stopped by adding 10% fetal calf serum (FC S). C ells were centrif uged at 250 -300 ϫ g at room temperature for 5 min, and the supernatant was removed. C ells were resuspended with an adequate amount of DM EM (plus 10% FC S). Finally, DRG neurons were plated on poly-L-lysine-coated (5 mg /ml) Petri dishes and cultured for 1-2 d under an atmosphere containing 5% C O 2 . C ells were used within 2 d of plating when the neurons were devoid of neurite growth.
Patch-clamp recording. C ells were superf used continuously (3-5 ml / min) with physiological solution containing (in mM) 152 NaC l, 5 KC l, 1 MgC l 2 , 2 CaCl 2 , 10 glucose, and 10 H EPES, pH-adjusted to 7.4 with NaOH; osmolarity was adjusted to 300 mOsm with glucose. The C a 2ϩ -free solution contained 2 mM Mg 2ϩ instead of C a 2ϩ and 5 mM EGTA. E xperiments in extracellular low C l Ϫ solution were performed by equimolar replacement (50%) of NaC l with Na 2 SO 4 . To aid Na 2 SO 4 solubility, we warmed up and continuously stirred the stock solution. The extracellular low C l Ϫ solution was checked for osmolarity and gave a junction potential of ϳ2 mV. Patch pipettes were pulled from thin glass capillary tubes and had resistances of ϳ3-5 M⍀ when filled (in mM) with 120 C sC l, 20 H EPES, 1 MgC l 2 , 3 Mg 2 ATP 3 , and 5 EGTA, pH-adjusted to 7.2 with C sOH. Osmolarity of the pipette solution was 270 mOsm. In some experiments BAP TA (10 mM) or fluo-4 (25 M) was added instead of EGTA, or exogenous buffers were omitted altogether. For experiments to change the GABA reversal potential, pipette C sC l was substituted with 75 mM Cs 2 SO 4 (Hugel and Schlichter, 2000) . Junction potential was Ϫ24.5 mV and corrected accordingly.
Whole-cell currents were recorded from cells of 20 -35 m in diameter, thus considered to be small and medium-sized neurons (Burgard et al., 1999; Grubb and Evans, 1999; Ueno et al., 1999) . In most cells series resistance was compensated by 80%. C ells were voltage clamped at Ϫ70 mV (unless otherwise indicated). After whole-cell configuration was obtained, an equilibration period of 5 min was used for establishing f ull solution exchange between the patch pipette and the cell. Currents were filtered at 1 kHz and acquired on an I BM personal computer by means of pC lamp 6.0 software (Axon Instruments, Foster C ity, CA).
Drug deliver y. Agonists or antagonists of P2X and GABA A receptors were diluted with extracellular solution to final concentration and applied by a rapid superf usion system (Rapid Solution Changer RSC -200, BioL ogic Science Instruments, Grenoble, France) placed 100 -150 m near the cell. Time for the solution exchange across the cell (estimated by the change in liquid junction potential) was 30 msec. Agonist applications were 2 sec in duration and typically were spaced every 5-6 min to avoid desensitization of the ATP receptors. Antagonists were applied via the bathing solution as well as via the agonist-superf using flow line.
With the exception of trinitrophenyl-ATP (TN P-ATP, Molecular Probes, Eugene, OR), all drugs including enzymes for cell culture were obtained from Sigma (Milan, Italy) .
Confocal microscopy imag ing of [Ca 2ϩ ] i . For confocal microscopy imaging in the visible light range we used two C a 2ϩ -sensitive dyes. For voltage-clamp experiments when [C a 2ϩ ] i was measured together with membrane currents, we applied 25 M fluo-4 (cell-impermeable form, pentapotassium salt; Molecular Probes) via the patch pipette. For experiments on intact cells, these were loaded with 5 M fluo-3 (cell-permeable form, AM ester compound; Molecular Probes) by preincubation for 45 min (K hiroug et al., 1998) . Fluo-4 is similar in structure and spectral properties to fluo-3, but it has a greater absorption near 488 nm, brighter fluorescence emission, and larger dynamic range for [C a 2ϩ ] i near the dye K d for C a 2ϩ (345 nM; see Gee et al., 2000) . In these experiments EGTA was omitted from the patch pipette. Fluorescence emission of C a 2ϩ -sensitive dyes was excited by an argon -krypton laser (488 nm 
RESULTS

Currents mediated by ATP or GABA
We first examined whether under our experimental conditions we could observe responses mediated by ATP or GABA in accordance with the pharmacological profiles of receptors described for these transmitters on DRG cells. On neurons held at Ϫ70 mV, ATP (0.1-100 M range; applied for 2 sec via a fast perfusion system) elicited inward currents on 184 (90%) of 204 cells. The response pattern to ATP was heterogeneous because three types of response could be identified, as shown by the examples of cells (depicted in Fig. 1 Aa-Ac) exposed to paired pulses of 10 M ATP (20 sec interval between applications).
The first type of current (exemplified in Fig. 1 Aa), termed "fast-type" response in accordance with the classification by Burgard et al. (1999) , peaked at Ϫ770 pA and, because of receptor desensitization, rapidly decayed back to baseline (residual current was 1% of the peak one) despite the continuous presence of ATP. Further application of the same pulse of ATP yielded virtually no response 20 sec later, indicating a very slow rate of recovery from the desensitized state. Full recovery was observed after at least a 4 min washout (data not shown). Thus in all subsequent experiments to avoid cumulative desensitization, we set the rate of ATP application for once every 5-6 min. In a random sample of 15 neurons displaying fast-type responses, the current activated by 10 M ATP decayed with 62 Ϯ 9 msec fast and 622 Ϯ 143 msec slow . Because the ratio between the fast/slow current components was 5.4 Ϯ 1.5, the slow component made a rather small contribution to the overall ATP current.
A different type of current evoked by the same concentration of ATP (similar to the "slow type" reported by Burgard et al., 1999) is exemplified in Figure 1 Ab. The peak amplitude of the first ATP current (paired-pulse protocol) was Ϫ1478 pA, from which it faded quite slowly ( ϭ 3207 msec). The second pulse (applied 20 sec later) elicited an inward current only slightly smaller (Ϫ1121 pA) than the first one. In a sample of seven cells the average desensitization rate of the slow-type current was fitted by a single exponential ( ϭ 2756 Ϯ 629 msec).
A third "mixed-type" current induced by 10 M ATP is exemplified in Figure 1 Ac, where it peaked at Ϫ602 pA and decayed biphasically ( fast ϭ 41 and slow ϭ 500 msec) to a shallow plateau. In this case the relative amplitude of the plateau current was clearly larger than the one observed in Figure 1 Aa, because the ratio between fast response peak and slow component amplitude was now 1.2. Note also that paired-pulse application revealed only the slow component 20 sec later (Fig. 1 Ac) . In five cells the values for fast and slow were 52 Ϯ 12 and 500 Ϯ 116 msec, respectively. The ratio of amplitudes of fast/slow components was 2.5 Ϯ 0.2. Thus the principal difference between fast and mixed response types was not their time course but the amplitude of the residual, slow current at the end of agonist application (see also Burgard et al., 1999) .
On average, 61% of the cells displayed fast currents, whereas the proportion of cells showing slow or mixed currents was 18 and 21%, respectively. Changing ATP concentrations applied to the same cell did not convert one response type into another one, indicating that the response pattern was cell-specific. Furthermore, fast and mixed responses usually were observed in cells with somatic diameters of 20 -30 m, whereas slow responses were typical of larger (30 -35 m) neurons. In contrast to the heterogeneous ATP responses, the current responses elicited by GABA were stereotypic. Figure 1 Ad presents an example of typical GABA currents (paired 2 sec pulses; 100 M GABA). The first current peaked at Ϫ1455 pA, whereas the second one, generated 20 sec later, was depressed only slightly ( Fig. 1 Ad) . Only 1% of DRG neurons in our study did not respond to GABA. Figure 1 B shows the log dose-response curves for peak inward currents evoked by ATP (fast, slow, or mixed-type responses) or GABA. EC 50 values for ATP were 4.4 M (fast response; n ϭ 6 cells), 11.2 M (slow response; n ϭ 5 cells), or 6.1 M (mixed response; n ϭ 3 cells), whereas for GABA the EC 50 value was 24 M (n ϭ 5 cells).
Thus the characteristics of ATP or GABA responses observed in the present study fully accord with those described in similar cells (Hu and Li, 1997; Burgard et al., 1999; Grubb and Evans, 1999; Piper and Docherty, 2000) .
Occlusion of currents with the coapplication of ATP and GABA
Because ATP and GABA are thought to be coreleased (Jo and Schlichter, 1999; Hugel and Schlichter, 2000) , we studied whether the simultaneous presence of these two transmitters at membrane level might induce cross talk between their different receptor systems. For this reason we studied responses of individual DRG neurons to a separate or combined application of ATP and GABA. Figure 2 A presents examples of membrane inward currents induced by 10 M ATP or 100 M GABA (left panel ) or by the coapplication of these two agonists (via the same tube of fast perfusion system; right panel ). To assess any interaction between the ATP and GABA receptor systems, we compared the total current predicted by a simple summation of the two individual currents with the experimentally observed current evoked by coapplied ATP and GABA. Figure 2 A, right, shows that the observed current evoked by ATP plus GABA was smaller in peak amplitude than the predicted one, indicating current occlusion during the simultaneous activation of these two receptor systems. Thus the observed peak current was 64% of the predicted one for the fast-type ATP responses (Fig. 2 Aa) , 59% for the slow-type ATP responses (Fig. 2 Ab), and 66% for the mixed-type ATP responses (Fig. 2 Ac) . It is thus clear that occlusion was present regardless of the ATP current type. Occlusion was not attributable to gradual current run-down because we used only reproducible ATP and GABA currents with full recovery after washout.
A quantitative analysis of the occlusion phenomenon and its dependence on agonist concentrations is presented in Figure 2 B, in which data pertaining to all three ATP response types were pooled. Using low concentrations of GABA (10 M) plus ATP (1 M), which separately generated responses ϳ20% of the maximum (see Fig. 1 B) , we found no significant occlusion of the peak response (89 Ϯ 7% of predicted amplitude; n ϭ 7; p Ͼ 0.05). Even when ATP was raised to 10 M (which per se evoked responses 75% of the maximum; see Fig. 1 B) , no significant occlusion took place (89 Ϯ 6%; n ϭ 7; p Ͼ 0.05). However, when GABA was 100 M (plus 10 M ATP), significant occlusion developed (68 Ϯ 5%; n ϭ 6; p Ͻ 0.05), indicating that the concentration of GABA was apparently a critical element to observe this phenomenon. Further concentration increments (1 mM GABA plus 1 mM ATP) did not intensify occlusion significantly (63 Ϯ 6%; n ϭ 7; p Ͻ 0.05).
The distinct rise times of fast ATP and GABA currents may have led to an incorrect estimate of responses measured simply in terms of current peaks (Rogers et al., 1997) . To circumvent this problem, we also measured the charge integrals, as shown in Figure 2 B, right. Like peak amplitudes, the charge integral of the observed combined response to low agonist concentrations was not different from the predicted one (Fig. 2 B) . However, a combination of 100 M GABA plus 10 M ATP yielded a total charge equivalent to 81 Ϯ 4% of the predicted value (n ϭ 6; p Ͻ 0.05). For higher combined concentrations (1 mM GABA plus 1 mM ATP) the observed charge reduction was even stronger (57 Ϯ 10%; n ϭ 7; p Ͻ 0.05).
The main finding of these experiments was that the coapplication of ATP and GABA could produce nonadditive responses, probably because of the inhibition of one current by another. We next explored whether this was a receptor-mediated phenomenon and whether such receptors could be identified pharmacologically.
Occlusion was a receptor-mediated phenomenon
A restricted number of DRG cells appeared to lack responses to either ATP or GABA, thus providing a valuable tool to explore whether one agonist, unable to generate measurable responses per se, could cross-react with the receptors for the other agonist to influence cell sensitivity. Figure 2C shows examples of such extreme cases. When a cell responded to 100 M GABA without any response to a separate application of 10 M ATP, there was no change in the GABA response repeated in the presence of ATP (Fig. 2Ca) . Similar data were obtained from five cells. Likewise, when a cell was insensitive to 100 M GABA and responded to 10 M ATP, the combined application of these substances yielded an inward current that did not differ from the control ATP-mediated one (Fig. 2Cb) . Similar data were observed in two cells. These observations suggest that the occlusion . G and A denote GABA and ATP, respectively, with corresponding micromolar concentrations; n ϭ 6 -7 cells. Ca, GABA (100 M) induces an inward current (left) in a cell insensitive to 10 M ATP (middle); the coapplication of these agents produces a GABA response (right) similar to that of the control. Cb, ATP (10 M) evokes a rapid inward current (left) in a cell insensitive to 100 M GABA (middle); the coapplication of these agents elicits a response (right) similar to the control ATP one.
phenomenon required the expression of functional receptors for GABA as well as for ATP, prompting further experiments to assess their pharmacological profile.
TNP-ATP (10 nM; 3 min application), a selective blocker of P2X 1 , P2X 3 , and P2X 2/3 receptors (Virginio et al., 1998b; Burgard et al., 1999 Burgard et al., , 2000 , strongly reduced the 10 M ATP current amplitude to 3% of the control value (Fig. 3A) . Note that TNP-ATP selectively depressed the fast component of the ATP current. On average, the ATP fast currents in the presence of TNP-ATP were reduced significantly to 14% of the controls ( p Ͻ 0.05; n ϭ 5). The receptor selectivity of TNP-ATP was confirmed by the fact that it did not change responses that were mediated by GABA (Ϫ1019 Ϯ 370 or Ϫ941 Ϯ 207 pA in control or after 10 nM TNP-ATP; n ϭ 7; p Ͼ 0.05). As shown in Figure 3A , the occlusion phenomenon was lost in the presence of TNP-ATP. In fact, the inward current (Ϫ728 pA) produced by the coapplication of 10 M ATP plus 100 M GABA in the presence of TNP-ATP was almost the same as the current (Ϫ759 pA) evoked by GABA in the presence of TNP-ATP. On average, the peak current during the application of the two agonists and TNP-ATP did not differ significantly from the one predicted for the linear summation of agonist currents (109 Ϯ 11%; n ϭ 5; p Ͼ 0.05), but it was significantly different from the values observed when TNP-ATP was omitted (68 Ϯ 5%; n ϭ 6; p Ͻ 0.05). Because the occlusion phenomenon was absent when most P2X receptors were blocked or when no ATP receptors were demonstrable, we reasoned that occlusion could not be attributable to a direct inhibitory action of ATP on GABA receptors.
Because in DRG cells bicuculline is a relatively weak blocker of GABA A receptors (Gallagher et al., 1978) , we tested whether the noncompetitive GABA receptor blocker picrotoxin could interfere with cross talk. Figure 3B shows an example of the sensitivity of the occlusion phenomenon to GABA receptor antagonism. Picrotoxin (100 M; 3 min application) reduced the amplitude of the control GABA response from Ϫ820 to Ϫ63 pA (Fig. 3B ). The inward current produced by 10 M ATP plus picrotoxin (Ϫ1350 pA) was similar to the one (Ϫ1341 pA) elicited by the coapplication of 100 M GABA plus 10 M ATP in the presence of picrotoxin (Fig. 3B, last two panels) . On average, the current caused by the coapplication of 100 M GABA and 10 M ATP in the presence of picrotoxin was 110 Ϯ 4% of the predicted one (n ϭ 8; p Ͼ 0.05) and was significantly ( p Ͻ 0.05) different from the occluded current. These results indicate that the occlusion phenomenon was blocked fully by pharmacological antagonists of ionotropic receptors, thus making it unlikely that metabotropic GABA or ATP receptors were implicated in this phenomenon.
The sequence of agonist application determines the extent of occlusion
The experiments conducted so far relied on the coapplication of GABA and ATP and could not clarify issues such as, for instance, whether staggering the agonist application by changing the order of drug delivery could produce the same degree of occlusion. This approach also should help to understand the relative contribution by ATP and GABA to the occlusion phenomenon. Figure 4 Aa shows how ATP could influence subsequent inward currents because of GABA (or vice versa). The current induced by the first application of ATP (10 M) peaked at Ϫ260 pA and almost completely faded (4.6% of peak) just before 100 M GABA, which in turn evoked a Ϫ264 pA current. After wash, 100 M GABA alone (Fig. 4 Ab) induced a 13% larger response (compare GABA peak amplitudes in Fig. 4 Aa,Ab). However, the peak current (Ϫ114 pA) evoked by ATP (Fig. 4 Bb), applied 2 sec after GABA, was only 44% of the previous ATP response (see Fig.  4 Aa). Thus occlusion was not a bidirectional process, independent from agonist application timing; GABA occluded ATP responses more strongly than the other way around.
This argument, however, did not take into account the fact that, because the ATP response had faded by the time of GABA application, most ATP receptors would have been in an inactive state, perhaps refractory to GABA receptor modulation. To explore this possibility, we studied slow ATP responses so that GABA could be applied when the ATP receptors were still operational. This approach is shown in Figure 4 Ba, in which the residual ATP current at 2 sec was still 37% of the peak one (Fig.  4 Ba) . The subsequent GABA current (Fig. 4 Ba) was Ϫ370 pA, which grew by 10% when retested in the absence of ATP (Fig.  4 Bb). The slow ATP current generated during the GABA current (Fig. 4 Bb) was 60% of the control ATP current (Fig. 4 Ba) . It therefore appears that the earlier application of GABA was a more potent conditioning test to occlude the subsequent response to ATP than applying ATP first and testing GABA later. Figure 4C summarizes averaged data for a wide range of agonist concentrations. No significant occlusion of GABA currents applied in the presence of ATP was observed with low concentrations of these agonists (10 M GABA after 1 M ATP or 10 M GABA after 10 M ATP). Thus simply increasing the ATP concentration while maintaining constant the subsequent GABA one did not produce occlusion. A slight, yet significant occlusion of GABA responses was observed when 100 M GABA was applied 2 sec after the 10 M ATP pulse (83 Ϯ 6% of control; n ϭ 10; p Ͻ 0.05). Occlusion was more pronounced with saturating concentrations of GABA (1 mM) after 1 mM ATP because the Figure 3 . Pharmacological blockers prevent occlusion. A, The rapid inward current evoked by 10 M ATP is blocked strongly by 10 nM TNP-ATP, leaving only a shallow plateau. The current induced by 100 M GABA in the presence of TNP-ATP does not differ from the control GABA current (data not shown) and is not occluded by coapplied ATP. B, Picrotoxin (PTX; 100 M) strongly blocks the current evoked by 100 M GABA. ATP (10 M) is effective to induce an inward current in the presence of picrotoxin; however, when ATP is coapplied with GABA and picrotoxin, there is no occlusion of the total current. depression of GABA current in this case was 59 Ϯ 13% (n ϭ 6; p Ͻ 0.05).
In contrast, a much stronger occlusion of ATP responses was obtained when ATP was applied in the presence of GABA (Fig.  4 D) . Like in the case of agonist coapplication, low concentrations (such as 1 M ATP after 10 M GABA or 10 M ATP after 10 M GABA) were ineffective (n ϭ 5, p Ͼ 0.05; n ϭ 6, p Ͼ 0.05, respectively). However, a strong reduction of the current produced by 10 M ATP after 100 M GABA was observed. This ATP response was 57 Ϯ 7% of control (n ϭ 11). An even more dramatic occlusion of the ATP response was seen with 1 mM ATP applied after 1 mM GABA (28 Ϯ 9%; n ϭ 6; p Ͻ 0.001).
These results collectively indicate that GABA could decrease greatly the responses to ATP, whereas ATP was less efficient in depressing GABA currents. One possibility to account for this differential degree of occlusion would be that GABA generated a much larger increase in input conductance than did ATP. Accordingly, the application of ATP to a cell with greatly increased input conductance might yield strongly attenuated ATP responses. To examine this possibility, we measured the net input conductance values produced by 100 M GABA or 10 M ATP by calculating (after leak subtraction) the slope of the currentvoltage ( I-V) relations in the range between Ϫ70 and Ϫ50 mV; in the case of GABA the conductance value was 12.8 Ϯ 3.5 nS for GABA and 17.6 Ϯ 4.1 nS for ATP, indicating that these agents induced comparable increases in cell input conductance.
Direction of current flow determines occlusion
At Ϫ70 mV holding potential the ATP currents are attributable to the opening of nonselective cationic channels permeable to Na ϩ , Ca 2ϩ
, and K ϩ (Virginio et al., 1998a; Koshimizu et al., 2000) , whereas GABA currents are produced by the efflux of Cl Ϫ (Sivilotti and Nistri, 1991; Kaila, 1994) . Increasing the extracellular Cl Ϫ concentration is known to block ionotropic P2X receptors of NG 108-15 cells, probably by impairing agonist binding (Kaiho et al., 1997) . We therefore investigated whether, on DRG neurons, Cl
Ϫ efflux via open GABA channels might have been involved in the depression of ATP currents by GABA. For this purpose we substituted Cl Ϫ in the pipette solution with the relatively impermeant SO 4 2Ϫ (Jo and Schlichter, 1999; Hugel and Schlichter, 2000) so that at negative potentials GABA elicited Cl Ϫ influx and thus outward currents. As shown in Figure 5A , left, the substitution of Cl Ϫ with SO 4 2Ϫ shifted the I-V relation for GABA currents upward in a parallel manner and moved the E GABA from 4.6 to Ϫ96 mV (n ϭ 5). The ATP I-V relation was unaffected, however (Fig. 5A, right) , and the ATP calculated reversal potential remained at 2 mV (n ϭ 5; see also Jo and Schlichter, 1999) .
On a cell clamped at Ϫ50 mV, the usual agonist concentrations (100 M GABA; 10 M ATP) induced ATP and GABA currents of different polarity (inward and outward, respectively; Fig. 5B ). Note that the GABA current was almost the same in the presence of ATP (Fig. 5Ba) as before applying ATP (Fig. 5Bb; 190 and 198 pA, respectively) . On average, the GABA current was ( p Ͻ 0.05) depressed significantly by ATP to 85 Ϯ 5% of control (n ϭ 9). The ATP current amplitude was Ϫ307 pA when applied alone (Fig.  5Ba ) and Ϫ304 pA 2 sec after the application of GABA (Fig.  5Bb) . The average ATP current after the application GABA was 88 Ϯ 4% (n ϭ 9; p Ͻ 0.05) of control; that is, occlusion was much smaller than in the symmetrical Cl Ϫ solution (see Fig. 4 D) . Thus it appears that reversing the direction of Cl Ϫ flux through GABA receptors greatly reduced the depression of ATP currents.
We also checked whether the presence of SO 4 2Ϫ rather than the current polarity was responsible for attenuating the occlusion phenomenon. To this end we clamped cells at ϩ30 mV when the pipette solution contained CsCl and made the direction of both ATP and GABA currents outward. When 100 M GABA was applied 2 sec after 10 M ATP, the resulting GABA current was 73 Ϯ 11% of the GABA current before ATP (n ϭ 6; p Ͻ 0.05). However, the depression of ATP by previous application of GABA was virtually absent (97 Ϯ 13% of control; n ϭ 6; compare it with 57% at Ϫ70 mV). Depression of ATP by GABA thus Figure 4 . Phased application of GABA and ATP shows a different extent of occlusion. A, When 100 M GABA is applied after 2 sec of 10 M ATP application (Aa), the GABA peak current is 13% smaller than the value observed in Ab. Note that, when ATP is applied 2 sec after GABA, the peak of its fast current is only 44% of control (compare Ab with Aa). B, On a cell displaying a slow inward current to 10 M ATP, 100 M GABA applied 2 sec later induces a current (Ba) that differs from the control one (Bb) by only 10%. Conversely, the ATP current after 2 sec of GABA application is 60% of the control ATP current (compare Bb with Ba). C, D, Histograms of occlusion data when GABA is applied 2 sec after ATP ( C) or when ATP is applied 2 sec after GABA ( D). Ordinates represent the percentage of peak current values generated by GABA ( C) or ATP ( D) in the continuous presence of the other agonist and calculated with respect to control. A and G denote ATP and GABA, respectively, with values expressed as micromolar concentrations. Note the much stronger reduction of ATP currents by GABA than vice versa. *p Ͻ 0.05; **p Ͻ 0.001; n ϭ 6 -11 cells. strongly depended on the direction of Cl Ϫ flow rather than on the intracellular anion species, suggesting that a rapid rise in extracellular Cl Ϫ might have been responsible for the observed phenomenon. To validate a role of external Cl Ϫ in modulating ATP responses of DRG cells, we performed experiments (n ϭ 8 cells) in solutions in which 50% of the external NaCl was replaced by Na 2 SO 4 . In this case the GABA reversal potential shifted to ϳ10 mV, which is close to the 8.5 mV value predicted by the Nernst equation, indicating that SO 4 2Ϫ was relatively impermeant through Cl Ϫ channels. In low Cl Ϫ solution the peak inward current generated by 10 M ATP was enhanced by 48 Ϯ 13% (n ϭ 8; p Ͻ 0.05). Thus these observations support the notion that external Cl Ϫ has a depressant action on ATP receptors (Kaiho et al., 1997) . If this anion were allowed to build up transiently via the opening of GABA channels, it apparently could induce a temporary intensification of the ATP receptor depression.
Effect of Ca
2؉
Because cross talk between certain ionotropic receptors is known to depend on intracellular Ca 2ϩ -mediated mechanisms (Chen and Wong, 1995) , we explored whether this condition applied also to the ATP/GABA interaction. Ca 2ϩ is known to modulate the activity of GABA A (Inoue et al., 1986) and ATP (Khiroug et al., 1997b; Cook et al., 1998; Piper and Docherty, 2000) receptors.
To reduce the influx of Ca 2ϩ , we first used a Ca 2ϩ -free external solution. Omitting this divalent cation dramatically curtailed the interaction between the two receptor systems, as shown in Figure 6 A. In fact, the control 10 M ATP current (Ϫ527 pA) was as large as the ATP current (Ϫ534 pA) observed 2 sec after 100 M GABA. Likewise, the inward current (Ϫ599 pA) induced by GABA in the presence of 10 M ATP was indistinguishable from the subsequent control GABA current (Ϫ600 pA). These data suggested the importance of Ca 2ϩ for the cross talk between ATP and GABA receptor systems and led us to testing this hypothesis further.
Exposure of cells to Ca 2ϩ -free medium leads to a depletion of internal Ca 2ϩ stores (D'Andrea et al., 1993) . To assess the role of intracellular Ca 2ϩ ([Ca 2ϩ ] i ) in cross talk, we explored the effects of various degrees of [Ca 2ϩ ] i buffering (Khiroug et al., 1997a,b ) and compared the results against the standard condition (5 mM EGTA in the pipette solution). Omitting Ca 2ϩ buffers from the pipette solution (as shown by the example of Fig. 6 B) strongly enhanced the occlusion between GABA and ATP, especially when GABA was first applied. In fact, the 10 M ATP current became very small in the presence of 100 M GABA (29% of the control ATP response; Fig. 6 B, right) . The GABA current also was depressed in the presence of ATP because it became 74% of the control GABA current (Fig. 6 B, left) .
Because EGTA is a relatively slow buffer, we also used a pipette solution containing the more efficient buffer BAPTA (10 mM). The histograms of Figure 6 , C and D, summarize the data obtained with BAPTA as well as with other [Ca 2ϩ ] i buffering conditions. Depression of ATP currents after a 2 sec GABA application was 40 Ϯ 10% (n ϭ 6; p Ͻ 0.05) when [Ca 2ϩ ] i was not buffered, 57 Ϯ 7% (n ϭ 11; p Ͻ 0.05) with 5 mM EGTA, and 73 Ϯ 8% (n ϭ 8; p Ͻ 0.05) with 10 mM BAPTA. In Ca 2ϩ -free medium the depression was insignificant (97 Ϯ 11% of control; n ϭ 8; p Ͼ 0.05). These data strongly suggest a role for [Ca 2ϩ ] i in the development of the occlusion of ATP responses by GABA. Increased [Ca 2ϩ ] i therefore might be a factor promoting the negative action of GABA on ATP currents.
The ATP-produced depression of subsequent GABA responses was, to some extent, dependent on [Ca 2ϩ ] i (Fig. 6 D) . No significant depression of GABA by the 2 sec ATP pulse was found in Ca 2ϩ -free conditions (94 Ϯ 6% of control; n ϭ 9; p Ͼ 0.05). Depression of GABA was 71 Ϯ 7% (n ϭ 6; p Ͻ 0.05) without the addition of internal Ca 2ϩ buffers, 85 Ϯ 6% (n ϭ 11; p Ͻ 0.05) with 5 mM EGTA, and 86 Ϯ 4% (n ϭ 10; p Ͻ 0.05) with 10 mM BAPTA. Figure 6 , E and F, also shows that changes in the intensity of the occlusion phenomenon with various Ca 2ϩ buffering conditions were not a mere manifestation of altered receptor activity brought out by these experimental conditions. In fact, there was no significant change in the average amplitude of currents induced by ATP (Fig. 6 E) or GABA (Fig. 6 F) with conditions ranging from no addition of intracellular buffer to Ca 2ϩ -free medium.
Calcium imaging
The Ca 2ϩ dependence of the occluding action by GABA toward ATP responses raised the issue of whether GABA could have produced [Ca 2ϩ ] i rises sufficiently large to affect the function of P2X receptors. In fact, GABA can increase [Ca 2ϩ ] i in developing or adult rat neurons (Cherubini et al., 1991; Leinekugel et al., 1995; Frech et al., 1999) .
Thus we used [Ca 2ϩ ] i imaging of DRG cells loaded with a fluorescent dye and activated by GABA and/or ATP. First, we tested intact DRG neurons (without concomitant recording of the membrane currents) loaded with the membrane-permeable dye fluo-3 AM. A 2 sec application of 10 M ATP produced Ca (Fig. 7Ca) . or CsCl (open circles) in the patch pipette. Calculated GABA reversal potentials are Ϫ96 and 4.6 mV, respectively, whereas values for ATP are 2 mV in either case. B, On a cell clamped at Ϫ50 mV (with a Cs 2 SO 4 -filled pipette), 100 M GABA applied 2 sec after ATP (10 M) induces an outward current (Ba) that is 96% of the control GABA current peak (Bb). Likewise, the ATP current 2 sec after GABA is 99% (Bb) of its control (Ba). Thus reversing GABA current polarity leads to the disappearance of occlusion.
Unlike ATP, 100 M GABA usually did not evoke significant [Ca 2ϩ ] i changes (see Fig. 7Ab for a typical case and 7Ca for pooled data). The GABA A receptor agonist isoguvacine (100 M) was equally ineffective because it induced a 6% increase in basic fluorescence in only 1 of 10 cells.
Combining Ca 2ϩ imaging with the simultaneous recording of membrane currents (via a pipette containing 25 M fluo-4) allowed us to check whether any Ca 2ϩ signals could be produced by GABA or ATP in conditions reproducing more closely our previous observations. In the presence of fluo-4 we confirmed current occlusion when 10 M ATP was applied 2 sec after 100 M GABA. Occluded ATP currents were thus 43 Ϯ 9% of control (n ϭ 5; p Ͻ 0.05), a value close to one found without the addition of internal Ca 2ϩ buffers (see Fig. 6C ). When GABA was tested 2 sec after ATP, the GABA current was depressed to 80 Ϯ 8% of control (n ϭ 5), a value again similar to the one found with no added buffers (see Fig. 6 D) . Although ATP currents as large as Ϫ1338 pA (Fig. 7Bc) induced a slight increase in [Ca 2ϩ ] i (by 0.16; Fig. 7Ba ), even larger GABA currents ( Fig. 7Bd ; note also larger charge integral) produced no change in basal cell fluorescence (Fig. 7Bb) . In an average of 12 voltage-clamped DRG cells, the generation of 10 M ATP currents (Ϫ861 Ϯ 170 pA) was accompanied by a concomitant significant increase in [Ca 2ϩ ] i by a factor of 0.18 Ϯ 0.06 (n ϭ 12; p Ͻ 0.05; Fig. 7Cb ). When we compare histograms in Figure 7 , Ca and Cb, it appears that the ATPevoked [Ca 2ϩ ] i rise observed in intact cells is 4.3 times larger than the one detected in voltage-clamped neurons. This result indicates that the main source for [Ca 2ϩ ] i rise is the activation of voltage-dependent Ca 2ϩ channels. Despite robust membrane currents (mean value Ϫ995 Ϯ 288 pA) induced by 100 M GABA, there was no accompanying change in [Ca 2ϩ ] i (0.06 Ϯ 0.01; n ϭ 12; p Ͼ 0.05; Fig. 7Cb ). Thus these data did not reveal any [Ca 2ϩ ] i transients produced by GABA that might be responsible for the depression of ATP signals by this agonist.
DISCUSSION
The main finding of the present study is the novel mechanism of negative interaction between native ionotropic receptors activated by ATP or GABA on DRG neurons. This finding is important not only because it demonstrates a new type of interaction between receptors with different structure and function but also because it raises the possibility of a similar cross talk by ATP and GABA coreleased on spinal cord neurons (Jo and Schlichter, 1999) .
Occlusion was a receptor-mediated phenomenon
In small and medium-sized DRG neurons ATP generates membrane currents of distinct shape (Burgard et al., 1999; Grubb and Evans, 1999) apparently depending on the homo-or heteromeric combination of P2X 2 and P2X 3 subunits (Labrakakis et al., 2000; Liu et al., 2001) . Although the role and relative preponderance of Each agonist is applied 2 sec after the application of the other one is started. Data are expressed as a percentage of current produced by a single agonist under the same recording conditions. Note the incremental size of agonist currents as conditions range from no exogenous buffering to Ca 2ϩ -free medium. Asterisks indicate p Ͻ 0.05; n ϭ 6 -11 cells. E, F, Lack of significant change in ATP ( E) or GABA (F) control current amplitude with various degrees of [Ca 2ϩ ] i buffering, indicating that these conditions did not affect cell ability to respond to separately applied agonists; n ϭ 6 -11 cells. different receptor subtypes were not the focus of the present study, it became clear that fast, slow, and mixed responses to ATP all could undergo significant occlusion in conjunction with the action of GABA, which is mediated mainly by GABA A receptors (Kaila, 1994) . Occlusion of ATP and GABA responses therefore appeared to be a general phenomenon, not linked to any particular ATP receptor group. In cells lacking ATP responses the action of GABA was not depressed by ATP; similarly, cells unresponsive to GABA did not show any GABA-mediated occlusion of ATP responses. Furthermore, during a pharmacological block of ATP receptors by TNP-ATP, ATP could not depress GABA currents. Likewise, no occlusion by GABA of ATP currents was observed during GABA receptor block by picrotoxin. These data indicate that occlusion is a receptor-based process and that there is no apparent direct action by ATP on GABA receptors (or vice versa).
Characteristics of occlusion
When GABA and ATP were coapplied, the observed membrane current was much smaller than the sum of the two individual ones. This is a novel phenomenon because it involves an interaction between cationic and anionic channels. Occlusion between cationic channels has been reported recently with ATP and acetylcholine (Nakazawa, 1994; Barajas-Lopez et al., 1998; Searl et al., 1998; Zhou and Galligan, 1998; Khakh et al., 2000) . In the present study the ATP/GABA receptor occlusion was manifested with relatively high concentrations of these agonists, implying the need for activating a large fraction of membrane receptors to produce such an interaction, in analogy with some reports on ATP/acetylcholine interaction (Zhou and Galligan, 1998; Khakh et al., 2000) . This phenomenon occurred rapidly in terms of either depressed peak amplitude or reduced charge integral.
The coapplication of agonists could not clarify whether each agent contributed equally to the occlusion process. This issue was examined by phasing the application of one drug after the start of the application of the other one. Thus preapplied GABA more strongly depressed ATP currents than preapplied ATP did to GABA currents. When the same concentrations of GABA and ATP were coapplied, the combined current depression was intermediate between the values obtained with phased applications. Dishomogeneity in occluding properties was not attributable to greatly different changes in cell input conductance induced by ATP or GABA.
Occlusion by phased application of agents might have been caused by cross-desensitization (Ariens and Simonis, 1964) between these two receptor systems. However, this possibility seems unlikely for at least two reasons: (1) although GABA was more effective to depress ATP than vice versa, desensitization of GABA receptors (as judged by current fade) was usually less intense than ATP receptor desensitization; (2) although various ATP receptors displayed differing degree of desensitization (observed as current fading), they all had a similar ability to depress subsequent GABA responses. Nakazawa (1994) also noted that negative cross talk between ATP and acetylcholine receptors was not attributable to desensitization.
Inhibition by GABA of ATP currents depended on ionic current polarity
Previous work on NG108-15 cells has indicated that extracellular Cl Ϫ may depress P2X receptor function, probably via the inhibition of agonist binding to the receptor site (Kaiho et al., 1997) . The present experiments on DRG cells also indicated that decreasing external Cl Ϫ (replaced by SO 4 2Ϫ ) significantly enhanced ATP-mediated inward currents. We therefore considered the possibility that Cl
Ϫ efflux via open GABA channels could rise transiently to occlude ATP responses. For this purpose, we used the relatively impermeant SO 4 2Ϫ instead of Cl Ϫ (Jo and Schlichter, 1999) in the pipette solution. This approach changed E GABA without changing E ATP (see also Jo and Schlichter, 1999) and made GABA-evoked currents outward at the negative holding potential, whereas ATP-mediated currents remained inwardly directed. Under these conditions ATP still could depress subsequent GABA currents, whereas GABA greatly lost its ability to occlude ATP responses. The loss of GABA-occluding properties was not attributable to SO 4 2Ϫ itself, because similar results were obtained at ϩ30 mV holding potential with standard CsCl in the patch pipette and outward GABA currents. Thus it appears that the GABA-induced occlusion of ATP currents chiefly (although not exclusively) required Cl Ϫ efflux through activated GABA A 
